ABSTRACT µ Her is a nearby quadruple system with a G-subgiant primary and several low mass companions arranged in a 2+2 architecture. While the BC components have been well characterized, the Ab component has been detected astrometrically and with direct imaging but there has been some confusion over its nature, in particular whether the companion is stellar or substellar. Using near-infrared spectroscopy we are able to estimate the spectral type of the companion as a M4±1V star. In addition, we have measured the astrometry of the system for over a decade. We combined the astrometry with archival radial velocity measurements to compute an orbit of the system. From the combined orbit, we are able to compute the mass sum of the system. Using the estimated mass of the primary, we estimate the mass of the secondary as 0.32 M ⊙ , which agrees with the estimated spectral type. Our computed orbit is preliminary due to the incomplete orbital phase coverage, but it should be sufficient to predict ephemerides over the next decade.
INTRODUCTION
µ Her (HD 161797 = HIP 86974 = WDS 17465+2743) is the third closest quadruple star system to the Sun (Davison et al. 2014 ) at a distance of 8.3 pc (van Leeuwen 2007) . The system consists of the G5IV primary (Morgan & Keenan 1973) surrounded by several M dwarfs. The closest companion is the Ab component, which has long been known from astrometric variations of the primary (Heintz 1987) and from ra-dial velocity (RV) variations (Cochran & Hatzes 1987) . The companion was first imaged by Turner et al. (2001) with the adaptive optics (AO) system on the 2.5 m telescope at Mt. Wilson Observatory. There is also the BC pair, which is separated from the primary by 35 ′′ and is a pair of M dwarfs in a 43.127±0.013 yr period (Prieur et al. 2014 ). Both Gould & Chanamé (2004) and Raghavan et al. (2010) concluded that the pair was physically bound to µ Her due to common proper motion. There is also a wider D component with a separation of several hundred arcseconds, which is also an M dwarf. Raghavan et al. (2010) concluded that this is not a physical companion because the proper motion differs dramatically from that of the primary.
While binary stars are common, 50%±4% of F6-G2 stars have companions (Raghavan et al. 2010) , quadruples are much less common. Quadruples come in two major catagories, 3+1 systems, where a fourth star orbits a triple system in a wide orbit and, 2+2 systems, which consist of two binaries orbiting a common center of mass. µ Her is the latter type, which is the more common type (Raghavan et al. 2010) . Riddle et al. (2015) found that 10% of nearby solar-type stellar binaries were actually 2+2 quadruples and this is likely linked to stellar system formation processes. The µ Her system is one of the best-studied 2+2 quadrupole systems; therefore it serves as an archetype for understanding stellar system formation. Improving the characterization of this system is the motivation for this analysis.
The primary star in the system exhibits solar-like oscillations (Bonanno et al. 2008 ) and these have been used to measure the mass of the primary (Yang & Meng 2010) using asteroseimology (See Section 3.2). A mass determination from an orbital analysis will serve as a useful crosscheck between these two techniques and can be used to improve the theoretical modeling of observed oscillation frequencies (Huber 2014) .
The nature of the µ Her Ab companion has been discussed for over 20 years. Most indications are that it is an M-dwarf, but there are persistent possibilities that it is substellar. Torres (1999) used a Monte Carlo technique to compute probability density functions of the mass of the close companion to µ Her A based on limited RV data and hypothetical, future, single measurements of the angular separation. The study concluded that if the separation was 1.
′′ 4 then the companion would have a probable mass on the boundary between substellar and stellar. The angular separation measurements of Turner et al. (2001) fell at the boundary between the two regimes. From the computed I-band magnitude of the companion, they determined that the companion had to be redder than an M5V and could be substellar as Torres (1999) suggested. Debes et al. (2002) also observed the companion in the near-infrared with the Mt. Wilson AO system. They were able to measure the photometry of the companion in H and K filters. Using the RI photometry from Turner et al. (2001) and their HK photometry and model atmospheres they conclude that the mass should be ≈0.13 M ⊙ (equivalent to an M5V; Reid & Hawley 2005) . They note that the RI photometry is anomalously bright compared to the model, though the near-infrared photometry agreed with the models to within the error bars. They concluded that the companion is stellar. Kenworthy et al. (2007) observed the system with the MMT in the mid-infrared and estimated the spectral class of the companion to be M4±1. Combining their results with that of Debes et al. (2002) , they computed the (K -M' ) color and noted that it was too red for an M4V star, but was similar to an early T-dwarf. With the possibility that the companion was a brown dwarf, we set out to resolve the prior conflicting color information and determine its spectral type with near-infrared spectroscopy. We also collected multi-epoch astrometry to compute an resolved orbit for the system, allowing for the estimation of the individual masses of the objects.
DATA

VISIM Observations
We observed µ Her at the Advanced ElectroOptical System (AEOS) 3.6m telescope with the site AO system and the Visible Imager (VisIm) camera (Roberts & Neyman 2002) on two separate dates: 2003 July 6 and 2005 April 24. Both data sets consist of 1000 frames using a Bessel I -band filter. After collection, any saturated frames were discarded and the remaining frames were debiased, dark subtracted and flat fielded. The frames were weighted by their peak pixel, which is proportional to their Strehl ratio and then co-added using a shift-and-add routine. The resulting image was analyzed with the program fitstars (ten Brummelaar et al. 1996 Brummelaar et al. , 2000 . The 2005 image is shown in Figure 1b .
Error bars on the astrometry and photometry were assigned using the method in Roberts et al. (2005) . The extracted astrometry and differential photometry are given in Table 1 . The table lists the our new results as well as prior measures of the system. The table gives the UT Besselian date of the observation, the measured position angle (θ), the measured separation (ρ), the differential magnitude and the filter used for the observation. The final column is either the instrument that was used for the observation or a reference if it was a literature result. The table does not include null results from the literature.
Project 1640 Observations
We used the Project 1640 (P1640) coronagraph ) mounted on the PALM-3000 AO system (Dekany et al. 2013) at the Palomar 5 m telescope to observe µ Her three times in 2012 and 2015. During the observations the primary was placed behind the occulting disk. The first 2012 data set used the astrometric grid spots (Sivaramakrishnan & Oppenheimer 2006) , allowing the measurement of the astrometry of the companion even though the primary is occulted by the coronagraph. Two nights later on 2012 June 14 UT, we collected an additional data set, but this time the astrometric grid spot was not used and we were unable to measure the astrometry of this data set. Our final observation was on 2015 March 31 UT and it used the astrometric grid spots. All the data were reduced using the Project 1640 data reduction pipeline described in Zimmerman et al. (2011) . Since then, a few upgrades have been made to the pipeline that reduce lenslet-lenslet cross talk. The pipeline processing produces an image of the object in each of 32 wavebands, resulting in a data cube.
The astrometric grid spots produce four spots on each frame of the data cube. The location of the spots is dependent on the wavelength of the frame. To measure the astrometry we fit a Gaussian to each of the four astrometric grid spots. Then we identified the location of the primary by fitting lines to the vertical and the horizontal spots. The primary is located where these two lines intersect. The final astrometry is the average of all the astrometry measured from 29 of the data slices from both of the image cubes with grid spots. We only use 29 image slices because several images in the atmospheric water bands did not produce meaningful results due to poor signal. The plate scale and position angle offset of the detector were computed from observations of calibration binaries taken during each observing run. The astrometry is presented in Table 1 .
PHARO Observations
We also collected near-IR images of the system on multiple dates using the PHARO near-infrared camera (Hayward et al. 2001) . Like P1640, PHARO is also mounted on the PALM-3000 AO system on the 5 m Hale telescope. We collected data on 29 August 2013 UT, 14 May 2014 UT and 31 March 2015 UT. All observations used the 25 ′′ field of view with a pixel scale of 25 mas pixel −1 . The observations used a variety of near-IR filters. After collection, each frame was debiased, sky subtracted, and flat fielded. We again used the f itstars algorithm to measure the astrometry and photometry of the binary and assigned error bars using the technique described in Roberts et al. (2005) We also examined archival PHARO observations. Carson et al. (2005) observed µ Her in 2002 June with PHARO in coronagraphic mode in Ks filter. It was not originally detected with the automated detection algorithm due to nearby residual light from the central star's characteristic "waffle pattern", which the algorithm interpreted as a high noise level in that localized region of the image. A visual inspection of the archival image clearly shows the companion. The companion's relative astrometry was extracted by visual inspection. Uncertainties were dominated by the ability to determine the center star's position behind the coronagraphic mask. We conservatively assigned a 2 pixel (0.
′′ 08) uncertainty in the center star's position (see discussion in Carson et al. 2005 ).
NIRSPEC/SCAM Observations
We located images of µ Her Aa,Ab in the archives of the Keck II telescope. The Keck II data were collected with NIRSPEC's Slit Camera (SCAM) (McLean et al. 2000) in AO mode on 2001 May 15 UT with the NIRSPEC-7 filter with a central wavelength of 2.222 µm and a FWHM of 0.805 µm. We were unable to identify any calibration data for SCAM for the 2001 data. In the images the star was placed in different positions across the image. To calibrate the images, we fit a plane to each image and subtracted it off. We then subtracted off a median of all the deplaned images. This resulted in 12 images. We then measured the astrometry of each image using fitstars. One of the images is shown in Figure 1a . We set the error bars equal to the standard deviation of the measurements. The resulting astrometry and photometry are given in Table 1 . image is an occulted image and is a single slice of the image cube at a wavelength of 1.720µm. In the PHARO image, the close object to the lower left of the primary is a ghost from a neutral density filter in the camera. 
Spectral Type Determination
To create a spectrum of the stellar companion, we performed aperture photometry on each of the 32 images in the P1640 data cubes. This was done with the aper.pro routine which is part of the IDL astrolib 16 and is an adaptation of DAOphot (Stetson 1987) . A photometry aperture and a sky annulus were centered on the companion. The radii of the apertures were set equal to 3.5λ/D rounded to the nearest pixel size, where λ is the central wavelength of each image and D is the aperture of the telescope. The annulus size was set to avoid the primary star and the occultation spot. The spectrum is the measured power in each slice as function of wavelength.
The extracted spectrum is a convolution of the object spectrum, the instrumental spectral response function (SRF) and the atmospheric SRF (Roberts et al. 2012) . In some of our previous results, we have computed the combined SRF of the atmosphere and instrument from unocculted images of the primary (Roberts et al. 2012) . µ Her A is so bright that it saturates our detector on even the shortest exposures. We computed the SRF from another star. On 2012 June 12 UT, there were no other suitable stars to extract an SRF, so we used the SRF extracted from HD 129814 on 2012 June 14 UT. The airmass of the µ Her observations on 12 June was 1.02, while the airmass of HD 129814 was 1.04. On 2012 June 14 UT, µ Her was observed at an airmass of 1.01, and again we used the SRF of HD 129814. On 31 March 2015 UT, µ Her was observed at an air mass of 1.01. We used the SRF computed from HD 74360 from the same night with an airmass of 1.02.
After the spectrum of the companion was extracted from the P1640 data, we compared it against the spectra in the Infrared Telescope Facility (IRTF) Spectral Library (Cushing, Rayner & Vacca 2005; Rayner et al. 2009 ). These include FGKM main sequence stars and LT brown dwarfs. The template spectra were binned and smoothed in order to produce the equivalent spectra to having the star observed by P1640. Then each template spectrum was compared against the measured spectrum using the sum of the squares of the residual (SSR) as a metric (Roberts et al. 2012) . The best fit reference spectrum was the one with the minimum value to the SSR.
In Figure 2 we plot the normalized spectra for µ Her Ab for the three observations overplotted with the spectra for M2V, M4V, and M6V stars taken from the IRTF Spectral Library. There are three M4V stars in the Spectral Library and we have plotted all three of them on this chart. This shows the variation between spectra of the same type due to age and metallicity. Figure 3 shows the sum of the squares of the residual (SSR) metric as a function of spectral type for each of the three observations. For spectral types having multiple entries in the IRTF Spectral Library, multiple values of the SSR metric are calculated and shown. The 2012 June 12 SSR metric indicates the star has a spectral type of M2V-M5V. The 2012 June 14 data have the highest value of the SSR, indicating the worst fit overall, but the SSR metric strongly prefers the M4V result. The 2015 March 31 result is a M4V-M5V. From these three results, we conclude that µ Her Ab has a spectral type of M4±1V.
Orbital Analysis
There have been a number of prior mass estimates of the primary star. Fuhrmann (1998) derived a mass of 1.14 M ⊙ with uncertainties of 5% by comparing the measured effective temperature against the luminosity on theoretical evolutionary tracks. Using the same technique, Takeda et al. (2005) derived a mass of 1.13 M ⊙ . Jofré et al. (2015) compared measured spectra to models to compute a mass of 1.09±0.01 M ⊙ . Bonanno et al. (2008) detected solar-like oscillations in the primary with asteroseismology. Yang & Meng (2010) modeled these oscillations and computed a mass of µ Her A of 1.00 +0.01 −0.02 M ⊙ and an age of 6.433 ± 0.04 Gyr. The authors note that models with mass 1-1.1 M ⊙ and age 6.2-6.7 Gyr can also reproduce the non-asteroseismic and asteroseismic constraints. There have been two measurements of the primary's mass with long baseline interferometery. Boyajian et al. (2013) In addition to the astrometry shown in Table 1 , we also have radial velocity (RV) data from the Lick Planet Search (Fischer et al. 2014) . µ Her A was monitored from 1987 till 2013. Over this time period, 332 RV data points were collected. The data have a median error of 2.26 m/s. While not tracing out a complete orbit, the data clearly show acceleration. We generated mean points for the astrometric data taken the same day. We computed a combined orbital solution using the ORBITX 17 code (Tokovinin 1992) . ORBITX uses the 17 http://www.ctio.noao.edu/$\sim$atokovin/orbit/index.html
Levenberg-Marquardt method to solve for all the orbital elements. Figure 5 illustrates the new visual orbital solution, plotted together with all published data as well as the new data in Table 1 . Previously published observations are indicated by open circles, and measures from Table  1 are represented by filled circles. "O − C" lines connect each measure to its predicted position along the new orbit (shown as a thick solid line). A dot-dash line indicates the line of nodes, and a curved arrow in the lower right corner of each figure indicates the direction of orbital motion in addition to providing the figure orientation. The scale of the orbit is indicated. Finally, the previously published orbit of Heintz (1994) is shown as a dashed ellipse. Figure 4 shows the computed spectroscopic orbit and the archival RV data are overplotted. The RV data include error bars, but they are hard to see due to the tiny errors on each data point. Table 2 lists the solution for the nine orbital elements: P (period, in years), a (semi-major axis, in arcseconds), i (inclination, in degrees), Ω (longitude of nodes, equinox 2000.0, in degrees), T 0 (epoch of periastron passage, in fractional Julian year), e (eccentricity), ω (longitude of periastron, in degrees) K1 (semiamplitude of the primary, in kms −1 ) and V0 (the systemic velocity, in kms −1 ). For comparison purposes, the table also lists the orbital elements from the two previous astrometric orbits for the system from Heintz (1987) and Heintz (1994) , with the exception of semi-major axis: since the previous orbits were based on the motion of the photocenter, the derived semi-major axis from these previous studies is not expected to be the same. There were no error bars on the elements from either of the Heintz orbits. Heintz (1987) estimated that three quarters of the orbit had been observed, which would be about 45 years. The three orbits have consistent solutions for the inclination, longitude of node and eccentricity. We have found a longer period than the previous orbits, but that is not unusual as astrometric orbits often have large errors. The orbital elements are most appropriately characterized as provisional. The solution should be good enough to provide reasonable ephemerides over the next decade, but the elements will require correction over the course of a complete orbit to be considered approximately correct. Despite the uncertainty, the quantity 3 log(a) − 2 log(P ), should not be grossly erroneous and provides useful information on the mass of the system.
Using the combined orbit and the measured parallax (van Leeuwen 2007), we are able to compute a mass sum of of µ Her Aa,Ab as 1.42 M ⊙ with a minimum mass of the secondary of 0.21M ⊙ . Using the previously derived mass of the primary from the literature of 1.1M ⊙ produces an estimate of the secondary mass of 0.32 M ⊙ . The secondary spectral type determined in §3.1 corresponds to a mass of 0.14-0.36M ⊙ (Reid & Hawley 2005) , which is in general agreement with our estimate of the secondary mass from the combined orbit solution.
DISCUSSION AND CONCLUSIONS
We have shown that µ Her Ab is a stellar companion with a spectral class of M4±1V. This was estimated from multiple epochs of low-resolution near-infrared spectra of the companion. In addition we have computed a combined visual and spectroscopic orbit for the system, producing a mass estimate for the secondary which is in agreement with the expected mass of a M4V star.
Much of the previous confusion about the stellar versus sub-stellar nature of µ Her Ab comes from combining photometric results from different observations. While that is normally a fine practice, in this case it proved to be a problem. The near-infrared photometry of Debes et al. (2002) appears to be incorrect as it does not agree with the numerous PHARO observations in H and Ks nor the NIRSPEC/SCAM observation at 2.2 µm. Yet their estimate of the spectral type of the companion from H-K color agrees with ours from nearinfrared spectroscopy. It may be that there was an offset in the photometry from both filters. This would also explain the anomalous K − M color computed by Kenworthy et al. (2007) from their mid-IR data combined with the Debes et al. (2002) near-infrared photometry, which they reported as too red for a M4V star. We have computed a preliminary orbit for the µ Her Aa,Ab binary. A continuing effort is needed to collect additional astrometric and radial velocity measurements of the system to improve the orbit determination. Additional RV data in the near future would be especially useful as the system has most likely just undergone an inflection point in the RV curve. Additional data will produce a more accurate estimate of the masses of the two stars. The mass of the primary can then be compared against the mass of the primary measured from asteroseimology. Combining independent observations with asteroseismology is crucial to advance progress in the theoretical modeling of observed oscillation frequencies, and the validation of asteroseismic relations to derive fundamental stellar properties (Huber 2014) .
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